Abstract The aim of the study was to assess the relationship between sweet taste genes and dental caries prevalence in a large sample of adults. In addition, the association between sweet liking and sugar intake with dental caries was investigated. Caries was measured by the decayed, missing, filled teeth (DMFT) index in 647 Caucasian subjects (285 males and 362 females, aged 18-65 years), coming from six villages in northeastern Italy. Sweet liking was assessed using a 9-point scale, and the mean of the liking given by each individual to specific sweet food and beverages was used to create a sweet liking score. Simple sugar consumption was estimated by a dietary history interview, considering both added sugars and sugar present naturally in foods. Our study confirmed that polymorphisms in TAS1R2 and GLUT2 genes are related to DMFT index. In particular, GG homozygous individuals for rs3935570 in TAS1R2 gene (p value = 0.0117) and GG homozygous individuals for rs1499821 in GLUT2 gene (p value = 0.0273) showed higher DMFT levels compared to both heterozygous and homozygous for the alternative allele. Furthermore, while the relationship sugar intake-DMFT did not achieve statistical significance (p value = 0.075), a significant association was identified between sweet liking and DMFT (p value = 0.004), independent of other variables. Our study showed that sweet taste genetic factors contribute to caries prevalence and highlighted the role of sweet liking as a predictor of caries risk. Therefore, these results may open new perspectives for individual risk identification and implementation of target preventive strategies, such as identifying high-risk patients before caries development.
Introduction
Dental caries is one of the most prevalent multifactorial diseases worldwide, prompting the World Health Organization (WHO) to consider its care and prevention as priority for the new millennium (Martin et al. 2003 ; WHO official Web site).
The caries starts when the acids produced by the metabolic degradation of the sugar by oral commensals bacteria dissolve the tooth mineral matrix. The etiology of caries involves oral microflora composition, diet and oral hygiene habits, and host determinants, which are affected by the synergic coexistence of multiple sociological and environmental factors, such as fluoride exposure and access to preventive dental care (Holst et al. 2001; Moynihan and Petersen 2004; Touger-Decker and Mobley 2003) .
Evidence from animal and human studies has revealed that amount and frequency of sugar intake are the most important dietary factors in caries development. Furthermore, increased sugar consumption is associated with a higher level of caries prevalence (Sreebny 1982; Krasse 2001) . The first studies on rats showing a significant correlation between sugar concentration and caries incidence were described in the 1970s (Mikx et al. 1975; Hefti and Schmid 1979) . A large number of studies conducted in different human populations have confirmed this strong relationship (Arnadottir et al. 1998; Beighton et al. 1996; Bruening et al. 1999; Burt et al. 1988; Gibson and Williams 1999; Jones et al. 1999; Masalin et al. 1994; Kalsbeek and Verrips 1994; Creedon and O'Mullane 2001; Vanobbergen et al. 2001; Lim et al. 2008) .
Moreover, it has been demonstrated that the probability of developing caries increases by 1 % every 5 g of daily sugars intake in school children with a low-calorie diet (Szpunar et al. 1995) . Assuming that a greater preference for sweet leads to a higher sugar intake, the positive association between taste preference for sweet foods and dental caries was also investigated (Szpunar et al. 1995; Steiner et al. 1984) . Jamel et al. (1997) found also correlation between sweet preferences, sweet tea consumption, and dental caries.
These studies have been conducted mainly on children and adolescents (Jamel et al. 1997; Steiner et al. 1984) or on elderly people (MacEntee et al. 1993) ; both groups (children and elderly) are known to have a higher sugar intake. However, very few studies have taken into account adult populations.
Genetic factors also play an important role in dental caries development. Heritability and twin studies have confirmed that genetic factors account for 50-70 % of phenotypic variation in caries prevalence in primary dentition, while for 35-55 % in permanent dentition (Conry et al. 1993; Bretz et al. 2005; Wang et al. 2012) . In this light, several genes involved in tooth formation and development, immunological system, and salivary proteins have been investigated as possible candidates, but only few of them associated with the disease (Slayton et al. 2005; Deeley et al. 2008; Azevedo et al. 2010; Wang et al. 2012; Küchler et al. 2013; Wendell et al. 2010) .
The literature has also investigated whether the genes responsible for taste perception and preferences could influence caries insurgence. For example, several studies have supported the association between genetic variations in the bitter taste receptor gene TAS2R38 and caries risk (Wendell et al. 2010) . Three single nucleotide polymorphisms (SNPs) in this gene guide the capacity to perceive specific bitter compounds, including PTC (phenylthiocarbamide) and PROP (6-n-propylthiouracil) (Kim et al. 2003) . Furthermore, it has been shown that differences in the perception of PROP and/or PTC can affect a variety of taste sensations, such as oral irritation of capsaicin, fat perception, and sweetness, and can influence food preferences and intake (Tepper 2008; Dinehart et al. 2006; Keller et al. 2002) . Therefore, also through these influences on dietary preferences and intake, TAS2R38 gene may determine caries development.
Recently, a statistically significant association between genetic variants in TAS1R2 (sweet taste receptor) and GLUT2 (glucose transporter) genes, both involved in sweet taste perception, with caries risk was described in a sample of young adults (80 individuals) with high level of dental care (Kulkarni et al. 2013) . However, to date no studies on a population of wide age range adults have been conducted in this field.
The aim of the present study was to analyze whether in a large population of adults (647 individuals) there is an association between individual caries susceptibility, determined with the decayed, missing, filled teeth (DMFT) index, a measure of caries prevalence, and (1) polymorphisms in TAS1R2 and GLUT2 genes; (2) sweet food liking; and (3) simple sugar intake.
Materials and methods

Participants
Data of 647 Caucasian individuals aged 18-65 years were collected thanks to the ''Friuli-Venezia Giulia Genetic Park'' project, aimed at analyzing a series of villages located in the northeast of Italy (San Martino del Carso, Erto e Casso, Clauzetto, Illegio, Sauris, and Val di Resia) showing evidence of isolation due to geographical, historical, linguistic, and/or cultural factors (Esko et al. 2013) . Participants gave written informed consent, and the ethical committee of IRCCS Burlo Garofolo approved the study (Prot. CE/V-78, 06/08/2007).
Sweet food liking measurement
Food likings were evaluated using a 45-item food liking questionnaire, already used in a previous study (Pirastu et al. 2014) . Subjects were invited to rate their food liking for different sweet foods or beverages using a 9-point scale ranging from ''like extremely'' (score 9) to ''dislike extremely'' (score 1). The option ''never tried'' was also included in the questionnaire (Peryam and Pilgrim 1957) . Peculiar sweet foods and beverages were explicitly indicated into the questionnaire: marzipan, panettone (typical Italian sweet bread), whipped cream, ice cream, milk chocolate, espresso with sugar.
All these sweet foods included in the questionnaire were used to construct a sweet food group (a = 0.64). For each individual, a sweet liking score was defined as the mean of the liking given by each individual to the foods belonging to the sweet group. This score was used in the subsequent statistical analysis.
For statistical analyses, the individuals reporting that they had never tried sweet foods in the liking questionnaire were excluded.
Sugar intake assessment
A subsample of 322 subjects agreed to complete a dietary history to assess simple sugar consumption. The habitual food intake was measured by a detailed dietary history interview method (Schmidt et al. 1994) , conducted by professionals. The interview evaluated the average daily food intake of each subject, considering the habitual meal patterns, i.e., the usual food and drink choices during major meals and snacks of a normal day. This method took into account also the frequency of food and drink consumption outside the normal daily intake (e.g., weekends and holidays). To help subjects to define more accurately their food portion sizes, visual aids were provided, including a picture atlas with three different size portions for each major food category and common household items (tablespoons, teaspoons, cups and glasses of different volumes). A frequency checklist was also administered to detect omissions or imprecisions about some food items more difficult to recall or to specify, such as condiments, used in cooking or dressing, added sugars, for example to drinks, alcohol, or foods eaten outside meals or from takeaways. This allows a further checking and gives the possibility to correct contradictory reports. Nutrient intake was then assessed through a software (WinFood, 2.7. Medimatica, San Benedetto del Tronto, Italy) based on Italian food composition tables.
In particular, simple sugar consumption was assessed considering both added sugars (extrinsic simple sugars) and sugar present naturally in foods (intrinsic simple sugars).
Dental caries assessment
An accurate oral clinical examination of the participants was conducted by expert dentists. The number of DMFT was recorded according to the recommendations of the WHO for epidemiological surveys, moreover the overall number of teeth present in the mouth. An additional X-ray examination (panoramic radiography) was performed in order to detect the misleading carious lesions. Wisdom teeth were excluded.
Genotyping
For each sample, DNA was extracted from peripheral blood and genotyping was carried out using Illumina 370k high-density SNP array (Illumina, Inc., San Diego, CA, USA) (Howie et al. 2012) . All the SNPs genotyped inside TAS1R2 and GLUT2 genes were analyzed. The number of SNPs investigated for each gene is reported in Supplementary Table S1 .
Statistical analyses
The associations between sweet food liking and sugar consumption with DMFT were tested by fitting a linear model where the DMFT was considered as the dependent variable while sweet food liking or sugar consumption as regressors. Sex, age, and BMI were used as covariates in the analysis.
Association analysis for the SNPs in sweet genes (TAS1R2 and GLUT2) was conducted using linear mixed model regression analysis where DMFT was used as the dependent variable and the each SNP as the independent variable. As random effect, the genomic kinship matrix between all subjects estimated with the ibs function in GenABEL was used. Sex and age were also used as covariates. Association analysis was conducted using the GRAMMAR? method as implemented in the GenABEL (Aulchenko et al. 2007 ).
Results
Participant characteristics
Main features of participants in terms of demographics, age groups, BMI classification, and genotypes are reported in Table S2 and Table S3 . The mean age of the study sample was 44.9 ± 12.4 (range 18-65 years). Forty-four percentage (n = 285) of the participants were males, and 56 % (n = 362) were females. The DMFT mean in the overall sample is 15.8 ± 7.3 (Table 1) , in agreement with a recent work showing that DMFT in different populations (UK, USA, Japan, and Sweden) ranges approximately from 7 to 23 in adults (Bernabé and Sheiham 2014) . DMFT index did not vary significantly with subjects' BMI, while significant differences were detected in terms of sex and age (Table S4 ).
In the present study, the mean liking score for the food sweet group ranged from 1.2 to 9 with a mean of 6.61 ± 1.30 (Table 1) .
Simple sugar intake in our sample showed a mean of 101.8 ± 49.1 g/die (Table 1) . Similar values were already reported in other studies that took into account how genetic variants in sweet taste genes affect sugars consumption (Eny et al. 2008 (Eny et al. , 2010 .
No gender and sex differences were found based on sweet food liking score and simple sugar intake. BMI also did not affect these nutritional variables in our population (Table S4) .
The distribution of DMFT, sweet liking, and simple sugar intake is shown in supplementary materials (Figure S1 , Figure S2 , Figure S3 ).
Association between variations in TAS1R2 and GLUT2 genes and DMFT
Genetic association analysis detected a significant association with rs3935570, a SNP in the TAS1R2 gene (p = 0.0117), taking into account sex and age. As shown in Fig. 1, individuals homozygous for the allele G showed higher DMFT compared to both heterozygous G/T and homozygous for the allele T. In addition, rs1499821 in the GLUT2 gene was associated with DMFT (p = 0.0273). Individuals homozygous for the allele G showed higher DMFT compared to both heterozygous G/A and homozygous A/A (Fig. 2) . Complete results for all the analyzed SNPs are shown in Table 2 .
Association between sweet food liking and DMFT
Using the whole sample, a significant association between DMFT and sweet food liking was found (p value = 0.003), taking into account sex, age, and BMI. Table S5 shows the effect of covariates in regression analysis between DMFT and sweet liking or simple sugar intake. Supplementary Figure S4 and S5 display QQ plot of residuals from the regression analysis of food liking and sugar consumption, respectively.
In particular, our analysis revealed that individuals with higher liking for sweet food showed higher DMFT values.
Using a subsample of 322 for which both liking and consumption of sweet foods were available, we confirmed the significant association between liking of sweet foods and DMFT previously observed (p value = 0.004). Also in this case, sex, age, and BMI were considered as covariates. Our results showed also that there was a positive correlation between sweet liking and simple sugar intake (p value = 0.0001). Despite this, the association between intake of simple sugars and DMFT did not achieve statistical significance (p value = 0.075), although the sugar intake-DMFT relationship was in the same direction as the sweet liking-DMFT relationship (Table 3) .
Discussion
Dental caries is one of the most common diseases in the world (Vos et al. 2012; Marcenes et al. 2013) , and its treatment is very expensive (Petersen 2008) . It has been demonstrated that the majority of caries occurs in adults and their prevalence increases as people get older (Bernabé and Sheiham 2014; Broadbent et al. 2006 Broadbent et al. , 2013 . Diet is one of the primary factors to influence chronic conditions or pathologies, such as cardiovascular disease, obesity, and caries. Therefore, it could have important public health consequences to better define the pattern of taste preferences and genetics of taste perception among the population. Recently, taste receptor genes have been associated with alcohol intake or sensations (Allen et al. , 2014 Hayes et al. 2011 Hayes et al. , 2013 Duffy et al. 2004 ), incidence of myocardial infarction (Shiffman et al. 2008) , or vegetable consumption (Sacerdote et al. 2007; Duffy et al. 2010; Colares-Bento et al. 2012 ).
Regarding dental caries, for example, Wendell and coworkers have already reported that genetic variants in TAS2R38 and TAS1R2 taste genes may affect caries risk through their impact on dietary preferences and habits (Wendell et al. 2010) .
In the present work, the relationship between TAS1R2 and GLUT2 sweet taste genes and dental caries prevalence was tested in an adult population coming from a series of genetically isolated villages. In agreement with a recent work (Kulkarni et al. 2013) , we have found that polymorphisms in these two genes are associated with DMFT in a very large sample cohort. The TAS1R2 receptor is responsible for sweet taste sensitivity (Nelson et al. 2001) , while GLUT2 is a glucose transporter involved in the regulation of postprandial glucose levels (Brown 2000) . Polymorphisms in both of these genes are responsible for individual differences in sweet perception and have been already linked to sugar consumption (Eny et al. 2008 (Eny et al. , 2010 . In particular, a previous study has reported an association between rs35874116 SNP in the TAS1R2 gene and sugar intake in overweight and obese individuals (Eny et al. 2010) . Also, the r5400 polymorphism in GLUT2 gene was already linked to higher than usual sugar consumption, suggesting that this glucose transporter, affecting glucose homeostasis, may also control food intake behavior (Eny et al. 2008) .
Our study revealed that GG homozygous individuals for both rs3935570 SNP in TAS1R2 gene and rs1499821 SNP in GLUT2 gene showed higher DMFT caries scores. Compared to Kulkarni's study, our work has revealed that different polymorphisms in TAS1R2 and GLUT2 genes are associated with dental caries risk/protection. A possible reason for this dissimilarity is that we analyzed only 1 SNP in TAS1R2 gene, while rs35874116 SNP studied by Kulkarni and colleagues was not genotyped in our study. Instead, rs5400 SNP in GLUT2 gene of Kulkarni's work was genotyped, but it was not statistically significant in our data. This difference is possibly due to a different origin of the population, or to a founder effect.
We did not observe in our population differences between the two identified SNPs and sugar intake. This The results we reported were derived from the subsample of 322 individuals with both sugar intake and sweet liking data lack of association may be due, for example, to the method employed to measure sugar intake. So, we identified a direct association between variants in TAS1R2 and GLUT2 genes and caries prevalence, suggesting and further confirming that sweet taste genes may affect cariogenic status and caries development. However, whether this relation is mediated by the impact of these genes on dietary and nutritional habits remains unclear from our results, as already supposed, for example, for TAS2R38 gene (Wendell et al. 2010) .
Moreover, the present study examined at the same time the relationship between sweet food liking and sweet food intake on dental caries prevalence. In this work, a positive association was found between DMFT and sweet food liking. However, the relationship between DMFT and the reported sweet intake did not reach statistical significance, although a positive correlation between sweet liking and sweet intake was observed. Although there is a general increase in the consumption of refined sugar and of sweet foods and drinks worldwide, sweet liking is not homogeneous across people and populations. The association between sweet taste preferences and dental caries is still controversial (Bretz et al. 2006) . Surprisingly enough, our work revealed a positive correlation only between DMFT and sweet food liking but not with reported simple sugar intake in adults. Our finding can be related to a number of factors. First of all, simple sugars in the diet include both extrinsic (added to foods) and intrinsic (naturally present in foods, like in fruits and milk) sugars and derive from a variety of products of different nutrient composition with possible differential impact on decay promotion. Furthermore, through our results we have supported recent studies that demonstrate how food preferences, rather than food intake, predict health outcomes more accurately (Duffy et al. 2007 (Duffy et al. , 2009 . This is probably due to the fact that quantifying food consumption in terms of frequency and amount can be difficult based on dietary records. The personal interpretation of food intake can be misleading, since due to memory issues or dietary restraints the amount of food actually ingested can be over-or underestimated. In their works, Duffy et al. revealed that food liking questionnaires represent an efficient and simple screening tool to assess diet-disease relationships. Therefore, assessing food preferences through questionnaires could be more successful than dietary measures at identifying connections with caries development, as demonstrated in our study.
Overall, our results underline that genetic factors may contribute to caries predisposition (i.e., the role of taste receptors genes) and also highlight the importance of food liking as a predictor of dental caries risk. Thus, this study indicates the importance of understanding the role of taste preferences in dental caries risk and the utility of a genetic approach that, by characterizing the genes involved in taste perception and dental caries, may contribute to identify people at risk and to develop targeted preventive strategies before the onset of caries.
Nevertheless, additional studies are needed to further confirm our findings, by taking into consideration also others factors influencing the sugars-caries relationship, such as oral hygiene, socioeconomic status, and fluoride exposure, which were not taken into account in our study.
